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ABSTRACT
Populations of the lizard species Anolis carolinensis in Florida have declined with
the spread of the invading Anolis sagrei. This phenomenon appears to be accentuated by
habitat disturbance. I conducted an observational field study to investigate the population
dynamics of the two species in undisturbed areas of Florida. The main objective of the
study was to measure seasonal dynamics in the relative densities of juveniles and adults
in allopatric and sympatric populations of the two species in these vegetationally complex
habitats. The results of this study led me to design and conduct an outdoor enclosure
experiment to investigate the possible effect each of these two species has on the
reproduction of the other, and what relationship density has to the interaction. My field
study demonstrated that juvenile densities of A. carolinensis appear to be reduced in the
presence of A. sagrei in these habitats, suggesting an impact of A. sagrei upon A.
carolinensis juveniles in structurally complex habitats. I hypothesised that the
mechanism of this reduction in juvenile densities of A. carolinensis is operating at the
level of female reproductive output, including the possibility of reduced egg production,
reduced egg quality, or both. The results of the enclosure study demonstrated that
increasing conspecific density decreases reproduction in the two species, and when the
two species were housed together, the reproductive output of A. carolinensis was
significantly less than that of A. sagrei. The enclosure study results also showed that
both species respond to climatic variation as well as competition (both intraspecific and
interspecific) by altering the number of eggs produced over the course of the reproductive
season and not by altering any detectable measure of egg size or quality. I suggest that
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this supports the hypothesis that egg size is optimized in these species in Florida. The
results also show a trend towards larger eggs in the second half of the reproductive
season, raising the possibility that late season juveniles are under density dependent
selective pressure. I propose that in addition to exploitation competition and predation,
which have been shown to operate between these two species in disturbed habitats,
competitive affects upon the reproductive output of the female are a factor in the decline
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Introduction: Invasive Species, Competition and the Interaction of Native
Anolis carolinensis and the Invading Anolis sagrei in Florida
BACKGROUND TO THE PROBLEM
The greatest current threat to global biodiversity is anthropogenic habitat
destruction (Wilson, 1992). The second greatest threat is attributable to the effects of
invasive nonindigenous species (Vitousek et al., 1997; McKinney and Lockwood, 1999;
Mack et al., 2000). A recent study of imperiled species in the United States revealed
85% of the species investigated to be threatened by habitat destruction whereas 49% were
threatened by competition from exotic species (Wilcove et al., 1998). Over the last 500
years, congruent with the rise of global discovery, travel and commerce, a vast number of
species have been accidentally or deliberately transported outside of their natural home
ranges to new continents or islands. While it is impossible to know how many species
have been translocated in such a way, it is estimated that approximately 50,000
nonindigenous species have been introduced into the United States alone (Pimentel et al.,
2000).
Ecological research into the problems caused by nonindigenous species has
blossomed in the past 10 years, although Charles Elton (1958) was very influential in
bringing the issue to light for scientific and lay audiences almost 45 years ago. Recently
major research efforts have been made into the prediction of invader source pools (Mack,
1996; Cumutt, 2000), prediction of invader success (Williamson, 1996), ecological
effects of nonindigenous species (McKinney and Lockwood, 1999; Parker et al., 1999;
Grosholz, 2002), economic costs of nonindigenous species (Pimentel et al., 2000) and the
control and eradication of nonindigenous species (Myers et al., 2000; Simberloff, 2001).
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One general trend that has been recognized is that habitat disturbance promotes
invasibility of ecosystems (Hobbs and Huenneke, 1992). Additionally, the presence of
nonindigenous species often alters the normal disturbance regime of an ecosystem thus
instigating a positive feedback loop between disturbance and invasion (Mack and
D’Antonio, 1998; Mack et al., 2000). Another aspect under consideration is the
competitive interaction between native and nonindigenous species during the process of
invasion, establishment and spread. Experimental, manipulative studies of the proximate
mechanisms of invader success and how habitat complexity affects the interactions with
native species are becoming more common (D’Antonio, 1993; Case et al., 1994; Holway,
1999; Byers, 2000). These sorts of investigations are needed to increase our ability to
accurately predict the outcomes of future species introductions.
Although there is rarely any good to be found in the invasion and establishment of
a nonindigenous species, these situations do allow us the opportunity to study
competitive interactions between species. The study of competition has been
controversial in many ways (Connell, 1980; Schoener, 1982; Simberloff, 1983), and one
criticism has been the use of indirect evidence to support competitive hypotheses
(Tilman, 1987). It is difficult to study actively competing species because the
competitive interaction itself is thought to lead to minimization of the interaction over
time either through niche partitioning, character displaCement or both (Petren and Case,
1996). We may hypothesize that two species have gone through the process of
competition and diverged from each other sufficiently to coexist, but we cannot see the
process because it occurred in the ecological past. In this way, two ecologically similar,
coexisting species can illustrate the problem that the “ghost” of competition past can pose
to researchers in community ecology (Connell, 1980). Species introductions into novel
habitats provide ideal situations in which to study the actual processes of competitive
interactions'in the field because the species have been newly introduced to each other and
have not had the time to diverge substantially in any way.
RATIONALE AND SCOPE OF THIS STUDY
In this dissertation I investigate the competitive interaction of a native lizard
species in Florida, Anolis carolinensis, and an introduced congener, Anolis sagrei. In the
above context, this represents in many respects an ideal situation, as the members of the
genus Anolis are widely studied (Roughgarden, 1995), much of their basic community
ecology is known (Losos, 1994) and Florida is a highly disturbed, highly invaded
landscape (Ewel, 1986; Simberloff et al., 1997).
The lizard genus Anolis, with greater than 350 identified species, is commonly
cited as the largest or one of the largest vertebrate genera (Losos, 1994; Crother, 1999).
Roughly half of its species occur on Caribbean islands, with all but the very smallest
emergent landmasses harboring at least one resident species of Anolis (Williams, 1969).
Whether taken on a scale of the entire Caribbean or island by island, anoles are an
excellent example of adaptive radiation, occupying a wide range of habitats and featuring
a corresponding wide diversity of forms (Williams, 1972, 1983; Losos, 1994). Most
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anoles correspond to one of a set of 6 ecomorph classes, with members of a given
ecomorph sharing commonalities of behavior, morphology and structural niche
preferences (Williams, 1972, 1983).
Members of the genus Anolis are found from South America through Central
America, the Caribbean, and southern North America. The Caribbean fauna is derived
from mainland stocks that dispersed from South America and the Yucatan peninsula
(Williams, 1969). Most small islands of the Caribbean have only 1 or 2 resident anole
species, whereas the Greater Antilles contain large multispecies assemblages ranging
from 7 on Jamaica to greater than 40 on Cuba (Williams, 1983). It is also clear that
adaptive radiations of Anolis have occurred independently on each of the Greater Antilles
to create four convergent assemblages of ecomorph types (Losos, 1992), with some
localities containing as many as 11 sympatric species (Williams, 1983). Community
structure in Anolis is very likely driven by interspecific competition, and there have been
a large number of studies investigating competitive interactions between ecologically
similar species of Anolis (for reviews, see Losos, 1994; Roughgarden, 1995).
The entire Caribbean anole fauna is presumed to be derived from ancestral species
dispersing naturally from the Central and South American mainland over great distances
of ocean. In his seminal Anolis paper, Williams (1969) discussed the inherent colonizing
ability of Anolis species, particularly members of the Anolis carolinensis and Anolis
sagrei species groups. Within each of these groups, the species are closely related, share
the same ecomorph, and in general very closely resemble each other. Both species
groups evolved in Cuba where they are widely sympatric, and both groups have
successfully dispersed (either naturally or by human transport) widely throughout the
Caribbean (Williams, 1969, Figs. 8, 10). The island populations that are naturally (i.e.
non-human mediated) derived from Cuban A. carolinensis and A. sagrei species group
stock are referred to as distinct species by Williams (1969) but at least one researcher has
considered all members of each group to belong to a single species (Schoener, 1968,
1975).
It is apparent from their current distributions throughout the Caribbean that
members of the A. carolinensis and A. sagrei species groups are particularly good
colonizers, and Williams (1969) attributes this to the behavioral, physiological, and
ecological versatility of the genus in general and these two species groups in particular.
Experimental evidence has shown anole species to exhibit behavioral shifts in response to
directional selection in just a few months time (Malhotra and Thorpe, 1991; Thorpe and
Malhotra, 1992).
There are several instances where a member of one species group has naturally
and successfully colonized an island occupied by a member of the other species group.
Generally, members of the A. carolinensis species group are trunk-crown ecomorphs,
preferring arboreal habitats, whereas members of the A. sagrei species group are trunk-
ground ecomorphs preferring terrestrial habitats. Given this structural niche separation it
is not surprising that members of the two species groups can successfully coexist, yet
there are exceptions. Williams (1969) notes that A. sagrei completely excludes A.
carolinensis in coastal areas of Mexico and Belize. Distributional evidence suggests that
A. carolinensis should be present in these areas but is not. Also, on the mainland of
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A. carolinensis should be present in these areas but is not. Also, on the mainland of
North America there exists a situation that would suggest the two species may not be able
to coexist in some habitats of Florida.
Anolis carolinensis Voigt is the only member of the genus Anolis that is native to
mainland North America north of Mexico, with the possible exception of Anolis distichus
floridanus (Wilson and Porras, 1983; Echtemacht and Harris, 1993). It occurs
throughout the southeastern United States in a variety of habitats and has been a resident
of the mainland for at least 20,000 years (Holman, 1995). It is thought to have arrived
from a natural dispersal of Anolis porcatus, a member of the carolinensis species group
on Cuba (Williams, 1969; Buth et al., 1980). Like all members of the carolinensis
species group, A. porcatus is a trunk-crown anole. However, A. carolinensis exhibits a
wider use of structural habitat than what is expected from its membership in the
carolinensis species group.
Anolis carolinensis in the mainland of North America utilize what is functionally
a crown-trunk—ground structural niche. Competitive interactions are presumed to be the
dominant force in the structuring of anole communities by driving niche partitioning
along structural and climatic niche axes (Roughgarden and Pacala, 1989; Losos 1992). If
a species is removed from a complex community of species with rigidly structured niche
boundaries, and placed in an environment with no competing species, it is likely that it
will exhibit niche expansion (MacArthur and Wilson, 1967), or ecological release
(Wilson,1961). Several studies have shown ecological release in Anolis (discussion and
references in LOSOS, 1994) and it appears that this has happened with A. carolinensis in
North America (Collette, 1961; Echtemacht and Harris, 1993).
Anolis sagrei Dumeril and Bibron is a native of Cuba that is a highly successful
colonizer (Williams, 1969). This species is a trunk-ground ecomorph that has
successfully invaded North America, almost certainly by repeated introductions mediated
by human transport into Florida (reviewed in Lee, 1985a). This species has been in the
Florida keys since at least the 19th century (Garman, 1887 in Lee, 1987), was reported in
mainland Florida by the 1930’s, and by the 1960’s was prevalent through much of south
Florida (references in King and Krakauer, 1966). Currently, A. sagrei has expanded
through most of Florida and points farther north and west along the gulf coast, following
corridors of human transport (Campbell, 1996). Lee (1987) provides evidence from a
morphometric analysis that A. sagrei in Florida also may be undergoing ecological
release, which is not unlikely given that it, like A. carolinensis 20,000 years before, is
populating a habitat with far fewer anole species than where it originated.
What makes this situation particularly noteworthy is that these two species do not
seem to be able to coexist in Florida as they do in many parts of the Caribbean. Prior to
the A. sagrei invasion, A. carolinensis was a very visible part of the Florida landscape,
ranging from undisturbed habitats to the most urbanized areas (Campbell, 2000). Upon
the arrival and spread of A. sagrei, it became apparent that wherever A. sagrei occupied
new areas A. carolinensis soon declined or disappeared (Christman, 1980; Tokarz and
Beck, 1987; Echtemacht and Harris, 1993). Currently, one may travel through suburban
central and south Florida and see high densities of A. sagrei in virtually any location
(pers. obs.). The only apparent exception to this is undisturbed, wooded habitats
(Echtemacht and Harris, 1993; pers. obs.).
Why is it that the Florida situation is different from most areas where members of
the A. carolinensis and A. sagrei species group co-occur? In the case cited above
involving coastal populations of A. sagrei in Belize and Mexico, Williams (1969)
suggests that ecological release has caused A. sagrei to broaden its niche and exclude A.
carolinensis species group members. This is a very plausible hypothesis, yet in the case
of Florida it is A. carolinensis that is the well established resident with an expanded
niche. It would make sense for A. carolinensis to exclude A. sagrei in this instance, not
the other way around.
One possible factor involved in this apparent discrepancy is the issue of habitat
disturbance. Within the continental United States, the landscapes of Florida are the most
highly impacted by humans (Myers and Ewel, 1990; Simberloff et al., 1997). Habitat
disturbance is thought to promote the invasibility of habitats (Hobbs and Heunneke,
1992), leading to the possibility that A. sagrei has some form of competitive advantage
over the native A. carolinensis due to landscape alterations in Florida. Anolis sagrei is a
trunk-ground ecomorph and as such tends to spend more of its time on or near the ground
and in the open sun (Williams, 1969: Fig. 11). Members of the A. carolinensis species
group, as trunk-crown ecomorphs, tend to spend their time on the upper trunks and
crowns of trees and by definition in more shady microclimates (Williams, 1969: Fig. 7).
Even with the expanded niche of A. carolinensis in Florida, the distinction between the
two species is clear: A. sagrei is better adapted to hotter, drier, less complex habitats than
A. carolinensis. The current situation of the highly developed urban, suburban and
agricultural nature of the Florida landscape leads to the possibility that the introduced A.
sagrei is presently better adapted to many parts of Florida than its native congener.
Until recently, relatively little research had been published on the interaction
between these two species in Florida. Laboratory based behavioral cage studies designed
to detect aggressive territorial interference between the males of the two species failed to
shed light on the situation (Tokarz and Beck, 1987; Brown, 1988). The results of these
studies indicate that interspecific aggression is not strong between males of the two
species. Brown and Echtemacht (1991) performed field experiments that reinforced this
conclusion, showing that interspecific aggression between adult males was not a factor in
A. sagrei displacing A. carolinensis. Their results actually indicated that if anything,
male A. carolinensis were the aggressors in the encounters.
Recent research into exploitation competition for food, juvenile-juvenile
competition and predation has shed some light upon possible mechanisms by which A.
carolinensis is displaced by A. sagrei. Published evidence of intraguild predation (cf.
Polis et al., 1989) by adult male A. sagrei upon juvenile A. carolinensis is now available
from cage studies (Gerber and Echternacht, 2000), outdoor enclosure studies (Gerber,
2000) and gut content analyses from the field (Campbell and Gerber, 1996). The
juveniles of A. sagrei have been shown to have significant negative effects upon the
juveniles of A. carolinensis in outdoor enclosures (Gerber, 2000), and Campbell (2000)
demonstrated a high dietary overlap between the two species suggesting exploitation
competition for food.
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There are two reasons why these recent studies are important to our understanding
of this interaction. First, all of them provide specific mechanisms by which the
competitive interaction is mediated. This is critical to our ability to develop predictive
power for competition theory (Tilman, 1987) and invasion biology (Petren and Case,
1996). Understanding how invaders interact with native species, what effects they have
and the mechanism by which they mediate these effects is dependent upon the
accumulation of such data.
Second, the evidence for intraguild predation and juvenile competition presented
by Gerber (2000) are contingent upon habitat complexity: little or no effects were shown
in high complexity treatments whereas significant negative effects upon A. carolinensis
juveniles were documented in low complexity treatments. In Florida, anecdotal evidence
and personal observation indicates that A. carolinensis seems to be able to coexist with A.
sagrei in undisturbed or other high complexity habitats. The recent experimental results
cited above seem to correlate with the observed pattern of coexistence of the two species
in undisturbed areas and exclusion by A. sagrei in disturbed areas.
While much has recently been discovered about the nature of the interactions
between these two species there remain gaps in our understanding, particularly in regards
to the interactions of these species in areas of Florida that are not highly impacted by
humans. In this dissertation I set out to address 2 basic lines of inquiry about these
species in Florida:
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1. Can A. carolinensis and A. sagrei coexist in undisturbed habitats in
Florida? If so, are population densities of A. carolinensis in these areas lower in the
presence of A. sagrei?
2. Are there other mechanisms besides intraguild predation, juvenile-juvenile
competition or exploitation competition by which A. sagrei negatively impacts A.
carolinensis in its interactions in Florida?
In Part II I report the findings of a comparative field study involving populations
of both species in mature hammocks in central Florida. I measured the seasonal
dynamics of adults and juveniles of both species in allopatry and sympatry over three
years time. I show that population densities of A. carolinensis in sympatry with A. sagrei
in structurally complex habitat are reduced as compared to allopatric populations, yet
they were stable over the course of the study. I also report findings that juvenile densities
of A. carolinensis are particularly affected in the presence of sympatric A. sagrei. Based
upon previous research I suggest these results indicate the possibility that the reduction of
female reproductive output may be an additional mechanism by which A. sagrei affects
A. carolinensis in Florida.
In Part III I report the findings of a two year outdoor enclosure study designed to
investigate reproductive output of female A. carolinensis and A. sagrei in different
intraspecific and interspecific densities. I show that for both species increases in
intraspecific densities lead to reductions in reproductive output. From an interspecific
standpoint, the presence of A. sagrei leads to a reduction in reproductive output in A.
carolinensis while the reverse is not true. I discuss the possible mechanisms of
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competition between these two species by which reproduction can be curtailed, and I also
include a discussion of how the results contribute to investigations into lizard life history
variation. In Part IV I reiterate the general findings and conclusions of this dissertation.
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PART II
A Field Study of the Population Dynamics ofAnolis carolinensis and Anolis sagrei in
Allopatry and Sympatry in Undisturbed Hardwood Hammock Habitat in Florida
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INTRODUCTION
Over the past few decades Anolis carolinensis (Polychrotidae), a lizard native to
the southeastern United States, has experienced notable population declines in Florida.
This has happened concurrently with the northward advance of Anolis sagrei, an
introduced congener (Williams, 1969; Campbell, 1996). It has been presumed that these
declines are the result of competition between the two species. This is not an unlikely
proposition given that there have been many studies of competition between other species
pairs in Anolis (Jenssen, 1973; Gorman, 1976; Salzburg, 1984; Roughgarden et al., 1984;
Jenssen et al., 1984; Rummel and Roughgarden, 1985; Leal et al., 1998). Roughgarden
(1995) has suggested that there is a general consensus that competition for resources is an
important factor in structuring Anolis communities in the Caribbean.
Finding the mechanisms of these competitive interactions can be an elusive task.
Until recently, the few published quantitative studies investigating the interaction
between A. carolinensis and A. sagrei in Florida have been restricted to adult male
territorial interactions, indicating that behavioral interference between territory holding
males is not an important factor in the decline of A. carolinensis. There is now evidence
of both intraguild predation of A. sagrei males upon A. carolinensis juveniles (Campbell
and Gerber, 1996; Campbell, 2000; Gerber and Echternacht, 2000) and competitive
exploitation of food resources by A. sagrei (Campbell 2000) in disturbed habitats of low
structural complexity.
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Anolis carolinensis is the only species of its genus that is native to the continental
United States. It ranges throughout the southeastern United States and occupies a variety
of habitats from freshwater swamps to upland forest and mangrove islands. This species
is technically classified as a trunk-crown ecomorph (Williams, 1969) as it tends to
occupy the trunks and canopies of trees. However, compared to Caribbean populations
of various A. carolinensis sister species which are also trunk-crown ecomorphs, the
mainland US. population appears to occupy a broader niche than would be expected. In
the terminology of Williams (1969), mainland populations of A. carolinensis can be
described as trunk—crown ecomorphs occupying a ground-trunk-crown niche (A. C.
Echternacht, unpub. obs.). Anolis carolinensis is hypothesized to have evolved from a
colonization by A. porcatus, a trunk-crown ecomorph (Williams, 1969) that is part of a
very large anoline fauna (over 50 species) on Cuba. Upon colonizing the southeast
coastal plain, the progenitor of modern A. carolinensis encountered an environment with
no ecologically similar competitors and likely experienced ecological release resulting in
an expanded niche (Williams, 1969; Echtemacht and Harris, 1993).
Anolis sagrei is a trunk-ground ecomorph that was introduced into Florida
approximately 60 years ago (Williams, 1969; see review in Lee, 1985). Since that time it
has expanded its range to include most if not all of peninsular Florida (Lee, 1985;
Campbell, 1996). Its range continues to expand, with reports of breeding populations in
the panhandle of Florida (Means, 1990; Campbell, 1996), southern Georgia (Echtemacht
et al. 1995; Campbell and Hammontree, 1995; Campbell, 1996), coastal Louisiana
(Thomas et al., 1990), and Texas (Dixon, 1987). It is generally recognized that
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populations of A. carolinensis have suffered serious declines in density in areas colonized
by A. sagrei, (e.g., Collette, 1961; King and Krakauer, 1966; Tokarz and Beck, 1987;
Echtemacht and Harris, 1993; Campbell, 2000). It may be that because A. carolinensis
occupies an expanded niche (crown-trunk-ground) it now overlaps the niche of A. sagrei,
(trunk-ground) resulting in competition between the two species.
Given that Anolis lizards in general are highly territorial, the first studies to be
published on the interaction between these two species investigated hypotheses of
behavioral interference between adult, territory-holding males. Tokarz and Beck (1987)
and Brown (1988) performed laboratory experiments of male — male behavioral
interference. They found significantly lower levels of aggression in heterospecific
encounters than conspecific encounters. These findings suggest that for adult male A.
sagrei and A. carolinensis, intraspecific interactions are more important than interspecific
interactions. Brown and Echtemacht (1991) performed tether-release experiments with
the adult males of these two species in Florida. They too found intraspecific aggression
to be greater in magnitude than interspecific aggression.
Recent studies have focused upon very different mechanisms by which A. sagrei
might cause a decline in A. carolinensis populations. Investigating hypotheses of
intraguild predation, Campbell and Gerber (1996), Gerber (2000), Gerber and
Echtemacht (2000) and Campbell (2000) have shown evidence of hatchling predation by
adult male A. sagrei upon A. carolinensis juveniles from both gut content analyses of
wild caught lizards and enclosure studies. While there is evidence that males of both
species consume the juveniles of the other, the studies showed clearly that the
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relationship is highly asymmetrical in that male A. sagrei were much more likely to
consume the juveniles of A. carolinensis than vice versa. Campbell (2000) showed that
the two species have a broad overlap in diet and that A. sagrei populations can become
incredibly dense in a very short time, suggesting the possibility that exploitation
competition, as well as intraguild predation, may be an important mechanism of the
interaction between the two species. The conclusions reached in these studies have been
that these mechanisms (intraguild predation and exploitation competition) are limited to
or intensified in structurally simple, highly disturbed habitats.
Even though Florida’s ecosystems are highly impacted by man (Simberloff et al.
1997), there remain areas of undisturbed habitat. If the most severe impacts of A. sagrei
upon A. carolinensis are limited to highly disturbed habitats, then these remaining areas
of relatively undisturbed, structurally complex habitats may serve as refuges for A.
carolinensis in the face of the invasion of A. sagrei. As there have been no published
studies of the interaction of these two species in undisturbed areas of Florida, I carried
out a comparative field study investigating populations of both species in mature
hammocks in central Florida. The main objective of the study was to measure seasonal
dynamics in the relative densities of juveniles and adults in allopatric (A. carolinensis
only) and sympatric (A. carolinensis and A. sagrei) populations of the two species in
relatively undisturbed, structurally complex habitat over three years. There were two
primary goals: 1) to determine whether the population density of A. carolinensis was
lower in the presence of A. sagrei ; and 2) to determine whether juvenile recruitment in A.
carolinensis was reduced in the presence of A. sagrei.
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MATERIALS AND NIETHODS
Field sites: The site selection for this study was predicated upon two a priori criteria: the
sites have equivalent vegetation structure and that they have relatively undisturbed
histories. Field sites for this study were in Jumper Creek Wildlife Management Area (28°
46' 30" N, 82° 10' 00" W), a 10,000 acre tract within the Withlacoochee State Forest,
Sumter Co., and Highlands Hammock State Park (27° 28' 40", 81° 27' 57") (HHSP),
Highlands Co. Both sites are in central Florida and can be characterized as mature mesic
hammock communities dominated by Saba! palmetto and evergreen Quercus species
(Platt and Schwartz, 1990). The Jumper Creek (hereafter JCWMA) Anolis carolinensis
population has apparently never been exposed to Anolis sagrei, and represents an
allopatric population for the purposes of this study. Anolis carolinensis and A. sagrei are
sympatric at the HHSP site. It was impossible to identify suitable mature hammock sites
in which only A. sagrei was found. Given that even in the most disturbed areas of
Florida it is ”difficult to find an area in which A. sagrei has completely eradicated A.
carolinensis , it is very unlikely that for this type of habitat an a110patric population of A.
sagrei exists in Florida
 Plots: At each site six permanent 10 m X 10 m plots were established, two of which were
established adjacent to each other to create a 10 m X 20 m plot. The JCWMA site is
accessible only by a single dirt road that forks into two smaller roads which dead end at
parking areas. From each parking area, a single footpath proceeds further into the
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hammock. Three plots were established off of each footpath. The HHSP site is
accessible by a number of walking trails, two of which bisect hammock of appropriate
structure for this study and three plots were established off of each of these trails. For
both sites, care was taken not to establish plots near automobile-accessible roadways.
At each site, three of the six plots were purposely established such that the
footpath or trail bisected the plot. This was done so that both contiguous and edge
habitats would be sampled. For a given plot, a random distance was traveled along a
trail. If the plot was to be bisected by the trail, a random distance from 1 m - 5 m was
generated; this distance was how far off the trail in meters the first plot corner would be
placed. The remaining three corners were then placed such that the trail crossed the plot.
If the plot was not to be bisected by the trail, a random distance from the trail of 5 m - 25
m was generated to determine the placement of the first plot corner. The remaining three
corners were placed such that the trail would not cross the plot. For all plots, the
direction off the trail to the first corner was randomly determined.
Climatic data: Environmental data were acquired from the National Oceanographic and
Atmospheric Administration's (NOAA) National Climatic Data Center (NCDC) for the
following NOAA meteorological stations: Bushnell, Florida (28° 40'N, 82° 05'W) and
Avon Park, Florida (270 36'N, 81° 32'W). These stations are the closest comprehensive
meteorological stations to the two field sites (Bushnell station = approximately 8.8 km
south-southwest of JCWMA; Avon Park station = approximately 11 km north of HHSP).
The NCDC data consists of monthly values for the following variables: maximum
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temperature, mean maximum temperature, mean temperature, temperature deviation from
the 30-year mean, mean minimum temperature, minimum temperature, number of days S
0° C, total precipitation, and precipitation deviation from the 30-year mean.
Vegetation: Data were collected within all plots at each site in order to test the
assumption that the two study sites were structurally and vegetationally equivalent. Each
plot was marked in 2m X 2m quadrats, and in each quadrat the following data were
collected: presence of bare ground, presence of shrub cover, presence of herb cover,
presence of woody debris, and light intensity in LUX. The LUX values were collected
on sunny days between 11:30am and 12:30pm at l m above the ground in the center of
each quadrat, from which a mean LUX value for each plot was calculated. The
presence/absence data collected in the quadrats were converted to proportion values for
each plot.
The main difference between hammocks in central Florida is reported to be the
ratio of hardwood species (mainly Quercus) to palm species (Platt and Schwartz 1990).
Accordingly, canopy composition data were also collected: % canopy cover and
understory cover attributable to hardwood species and % canopy cover and understory
cover attributable to palm species were recorded using a hand held densitometer
(Geographic Resource Solutions GRS Densitometer TM). As with the ground level
vegetation data, the canopy data were collected in the center of each quadrat. Densities
of hardwoods and palms of different size classes within the plots were also collected by
direct count (hardwood size categories (dbh): <10 cm, 10-20 cm, >30 cm; palm size
26
categories (total height): <50 cm, 50-200 cm, >200 cm). The three palm size categories
represent three different morphological stages in the life span of Sabal palmetto, which
represent three qualitatively different structural habitat components for Anolis lizards.
The smallest size category applies to very young S. palmetto which are less than 2 meters
tall. This age class is characterized by a set of palm leaves radiating from a central bud
that is close to the ground; there is no trunk present. The middle size category represents
a more mature stage of growth (~2-4 meters tall) where there is a substantial trunk
covered with the remains of the bases of dead leaf petioles. These dead petiole bases are
commonly used as areas of escape and refuge for female A. carolinensis (personal
observation). The third size category contain mature S. palmetto which are characterized
by tall, smooth trunks that are capped by large crowns of leaves.
Population density: Population censuses were performed from the fall of 1996 through
the fall of 1998, at the height of the breeding season (May), before any hatchlings
appeared, and at the onset of the cool wet season (November), at the end of the hatchling
season. During each sampling period, each plot was visited for one hour on three
consecutive days (exclusive of rainy weather) between the hours of 9:30 am and 4:00
pm. Lizards were captured either by hand or noose and marked with permanent ink. In
circumstances where capture was impossible, lizards were marked from a distance
utilizing ink delivered by a water pistol. For each lizard captured and/or marked, the
following information was recorded: time of day, sex, age class, color, compass headings
to two plot corners, perch vegetation type, perch height, and perch diameter. The plots
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were sampled at different times of the day each consecutive day to allow for variation in
daily activity patterns for individual lizards.
The compass heading and perch height information provides an exact three
dimensional position for each animal within the plot at the time it was sampled. This
information was used to calculate a relative measure of nearest neighbor distance for all
animals. This is not a true nearest neighbor distance per se, as the three dimensional
position of each lizard is a single point within its home range and the position of the
“nearest neighbor” may have been determined at a different time of day or on a different
day in the sampling period. However, the adults of both sexes of both species are
territorial within sex which would suggest that an animal caught on one day would be
found quite close to the same position on a subsequent day. In light of this, the three
dimensional data may be useful as an additional comparison of lizard density and
dispersion pattern between sites. These data were also used in designing enclosures for
another portion of this study (PART III).
Statistical analysis: All statistical analyses were performed with the IMP statistical
software package (Statistical Software Systems Institute, Inc., Cary, NC) for the
Macintosh®. Descriptive statistics were calculated for the vegetational analysis including
mean and standard error. T-tests were conducted to compare the canopy overstory and
understory compositions and the ground level structure betWeen the two study sites, in
addition to comparing mean number of individuals in each age/sex category at each site.
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The vegetational similarity of the JCWMA and HHSP sites was analyzed using
Principle Components Analysis (PCA). Proportional data were ArcSin transformed.
RESULTS
CLmaLe: There was very little difference in mean monthly temperatures between the two
sites during the course of this study (Figure II-l). Monthly maximum temperatures,
monthly minimum temperatures, and cumulative days S 0° C also show little variation
between the two sites (Figure II-2). The pattern of deviation from the 30 year mean of
the monthly mean temperatures (Fig. II-3) reveals that for both sites, the winter of 1995-
1996 was cooler than normal whereas the winter of 1996-1997 was warmer than normal.
The precipitation for both sites was similar across the study period, with the
JCWMA site receiving a slightly higher amount of rainfall during the winter of 1995-
1996 (Fig II-4). For both sites, the winter of 1997-1998 was much wetter than normal.
Although the two field sites are separated by approximately 60 km on a north-
south axis, they were very similar in overall climate. This similarity includes virtually
identical mean monthly temperatures and shared exceptional deviations from the mean in
both temperature (Fig. II-3) and rainfall (Fig. II-4).
Comparative vegetational analysis: In comparing the composition of the hammock
overstory and understory layers between the two sites, the only significant difference was
29
the percentage of the understory attributable to palm species (Table II-1). The HHSP site
had a significantly greater proportion of the understory composed of palm species (t-test,
p=0.0334). The overstory at the HHSP site also had a greater proportion of palms but the
difference was not significant.
There were no significant differences in the numbers and size classes of
hardwoods and palms within the plots at each site (Table II-2. A non-significant trend
was observed in the relative abundance of hardwoods and palms in the smallest size
classes: the plots at the JCWMA site had higher densities in both categories.
The JCWMA site had a significantly higher LUX values than HHSP (Table II-3).
The JCWMA site also had higher levels of herb cover than the HHSP site, although the
result is not strictly significant (t-test; p=0.0575). All other t-test comparisons showed no
significant differences between the sites.
The PCA of arcsine transformed ground level data (Table H-S) showed
incomplete separation of the two sites when the principle component scores were plotted.
Principle component 1 explained 40% of the variation between the sites, with the amount
of herb cover and woody stems loading heavily (Table II-5).
Population densities: There were common patterns of seasonal fluctuations of adult
density for both species at both study sites (Table II-6). Adult densities generally showed
a cyclical pattern with a high point in the spring and a low point in the fall. The only
exception to this pattern is shown in 1998 at JCWMA: adult male densities increased
from the spring to the fall (Table II-6). Adult female densities of both species showed the
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greatest difference between spring and fall (Tables II-6, II-7), regardless of allopatry or
sympatry, showing marked declines through the course of the reproductive season.
Comparisons of spring to fall are statistically significant for both the allopatric and
sympatric female A. carolinensis but are not significant for A. sagrei (Table II-7). There
are no statistically significant differences between densities of adult female A.
carolinensis and A. sagrei at HHSP.
There were no significant differences in the number of males in sympatric or
allopatric A. carolinensis populations (Tables II-6, II-7). Additionally, comparison of the
number of adult male A. sagrei to the number of adult male A. carolinensis in either
sympatry or allopatry showed no significant differences. There were, however,
significantly fewer adult male A. carolinensis in the fall censuses than in the spring at
HHSP (Table II-7, p=0.0114)
There were significantly fewer juvenile A. carolinensis than juvenile A. sagrei at
HHSP (t-test, p=0.0403) and significantly fewer juvenile A. carolinensis at HHSP than at
JCWMA (t-test, p=0.0325). The number of juveniles present in the fall was compared to
the number of females present in the census plots the prior spring in order to get a rough
estimate of relative recruitment levels between the two species at the two study sites
(Table II-6; Figure II-5). The results show the recruitment levels of A. carolinensis at
Highlands Hammock State Park appeared to be depressed relative to the JCWMA.
Additionally, the recruitment levels of the JCWMA A. carolinensis population are very
similar to the recruitment levels of the HHSP A. sagrei population (Table II—6; Figure H-
5).
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The A. carolinensis at HHSP have a similar mean equivalent distance to the
nearest conspecific that the A. carolinensis at the JCWMA do, yet the A. carolinensis at
Highlands Hammock State Park have a much shorter distance to the nearest anole
(regardless of species identity) than those at the JCWMA site (Table II-8) because of
greater overall anole densities. The perch heights of A. carolinensis in the presence of A.
sagrei are shifted upwards for males, females and juveniles (Table II-9) with the perch
heights of males and juveniles being significantly higher (Table H-10).
DISCUSSION
It is clear from the results of this study that there is a strong correlation in my
study between the presence of A. sagrei and population level effects upon A. carolinensis.
The most obvious manifestation of this is seen in a comparison of the number of A.
carolinensis juveniles censused at the HHSP and JCWMA sites, both as raw numbers and
as ratios ofjuveniles to adult females (Table II-6; Figure II-5). When comparing overall
densities between the two species, it is apparent that A. sagrei achieves higher densities
than A. carolinensis. The census data also indicate that the density differences can be
accounted for by examination of the differences in densities exhibited by the juvenile age
classes.
Anolis sagrei has been known to reach incredible densities, even up to 10,000
lizards or more per hectare (Schoener and Schoener, 1980; Campbell, 2000). Indeed,
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they sometimes appear to be the most common animal in suburban Florida (pers.
observation). They can also show tremendous population growth rates during the initial
stages of their invasions into disturbed habitats (Campbell 2000). It was unknown
whether A. sagrei would be able to show such population increases or eventually achieve
such high densities in undisturbed areas, nor whether it would be able to severely impact
A. carolinensis populations in these habitats. While this study was not specifically
designed to address all of these questions, some lines of evidence support the anecdotal
notion that A. sagrei would not achieve high densities in undisturbed, structurally
complex habitat.
This study was initiated in 1996 and it was clear from visual observation and
conversations with HHSP park staff that A. sagrei had been established in the park for
several years, and the study itself was carried out over a three year period. Based upon
the rates of population increase reported in Campbell (2000) this was a sufficient time
frame to see an explosion in population, if there were going to be one. It is no surprise
that A. sagrei does invade forested habitats in Florida, as they have been reported to be
common in wooded areas on islands in the Caribbean where they occur (Schoener 1968;
Lister 1976; Schoener and Schoener 1980). However, it appears that A. carolinensis may
be able to coexist with A. sagrei in such areas in Florida over the long term. Indeed, it is
likely that in these habitats A. sagrei will establish itself as a trunk-ground anole and A.
carolinensis will undergo niche contraction to the trunk-crown niche that its ancestral
lineage exhibited before colonizing North America (Echtemacht and Harris, 1993).
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A comparison of the allopatric and sympatric populations of A. carolinensis in
this study show that A. carolinensis population densities are lower in the presence of A.
sagrei. As a measure of relative recruitment levels, I divided the number ofjuveniles
present in the fall by the number of females present in the previous spring (Table II-6;
Figure II-S). There were significantly fewer juveniles overall at HHSP than at JCWMA,
in addition to a reduction in the ratio ofjuveniles to adult females for each year the data
were collected. The reduction in juvenile density, taken in conjunction with the ratio
data, indicates the possibility that either juvenile mortality, lowered female reproductive
output, or both are leading to lowered recruitment levels in the presence of A. sagrei.
The mechanism by which A. sagrei mediates this reduction in recruitment level is not
specifically addressed by this study.
Other authors have shown evidence for asymmetrical intraguild predation by A.
sagrei upon A. carolinensis in Florida and suggest that intraguild predation may play an
important role in the interaction between the two species and in the structuring of Anolis
communities in general (Campbell and Gerber, 1996; Gerber, 2000; Gerber and
Echternacht, 2000; but see Losos, 1994). The results of Gerber and Echtemacht (2000)
were obtained in small cages which served to indicate the propensity of adult A. sagrei to
prey upon juvenile A. carolinensis and vice versa. They established that adult male A.
sagrei are significantly more apt to prey upon juvenile A. carolinensis than adult male A.
carolinensis are to prey upon juvenile A. sagrei. Gerber (2000) used outdoor enclosures
to show that A. carolinensis juvenile survivorship is significantly reduced in the presence
of adult male A. sagrei in enclosures with low and medium structural complexity. He
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attributed this to intraguild predation by adult male A. sagrei . No measurable effects
upon juvenile A. carolinensis were seen in high complexity enclosures. These results
suggest that the mature hammock in HHSP in which this study was carried out may
contain sufficient vegetational complexity to reduce predation by adult male A. sagrei to
negligible levels.
Gerber (2000) also tested for the effect of A. sagrei juveniles upon A. carolinensis
juveniles. He found that this interaction was also mediated by the complexity of the
habitat: there were significant negative effects of the presence of juvenile A. sagrei upon
juvenile A. carolinensis in low complexity treatments, but there were no effects in
medium or high complexity treatments. These results, if applicable to the field, also
suggest that the mature hammock environment present at HHSP may be sufficiently
complex to limit juvenile — juvenile competitive interactions to negligible levels.
Exploitation competition for food may be a factor in the interaction between these
two species in Florida. Campbell (2000) presents data showing that the two species have
a high degree of dietary overlap. This information, combined With his estimates of A.
sagrei population densities of 10,000 or more individuals per hectare in some habitats led
him to hypothesize that in addition to the possibility of intraguild predation there was the
potential for exploitative competition for arthropod food resources. Anolis sagrei has
been shown to severely deplete arthropod faunas on small islands in the Caribbean
(Schoener and Spiller, 1996; Spiller and Schoener, 1998). It has also been shown to
displace A. carolinensis perch heights upward in the Caribbean (Schoener, 1975) and in
Florida (Campbell, 2000). My data show a similar displacement of A. carolinensis perch
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height upwards (Table II-9; II-10). Given that his data suggested arthropods commonly
consumed by the two species are most abundant near the ground in simple habitats,
Campbell suggested that A. carolinensis, by having its perch height shifted upwards, was
negatively affected in its ability to obtain prey.
These mechanisms may not be significant factors in complex habitats for a few
reasons. First and foremost is that the results of this study indicate that A. sagrei does not
achieve the astounding population densities that seem to occur in structurally simple
habitats. At HHSP, where the two species are sympatric, total A. sagrei densities ranged
approximately 150% to 250% higher than that of A. carolinensis. (Table H-7). This
contrasts sharply with data from Campbell (2000) where A. sagrei densities were in some
cases 3600% higher than those of sympatric A. carolinensis. Further, the possibility
exists that the distribution of arthropod prey may be different in the mature hammock of
HHSP than that of Campbell’s low complexity study areas. The physical structure of the
habitat'at HHSP, with its primary and secondary canopies, will likely support arthropod
communities at heights where A. carolinensis can access them for food sources even
when displaced upwards by A. sagrei. Indirect evidence for this exists in wooded
habitats of the Caribbean where A. carolinensis coexists as a trunk-crown anole in
sympatry with A. sagrei and other anole species. In these situations there are sufficient
food resources in the canopies to sustain trunk—crown anoles and there is little reason to
believe that the situation is different in mature, wooded areas of Florida.
This study has shown that population densities of A. carolinensis, in sympatry
with A. sagrei in structurally complex habitat, are reduced as compared to allopatric
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populations in similar habitats. There remains, however, the observation that juvenile
densities of A. carolinensis in sympatry with A. sagrei are significantly lower than
juvenile densities of A. carolinensis in allopatry. Comparison of adult male and adult
female densities of A. carolinensis between the JCWMA site and HHSP site show no
significant differences, therefore the lowered density of A. carolinensis in sympatry with
A. sagrei is largely accounted for by reduction in the number of juveniles present in the
population at the end of the reproductive season. It is possible that there were habitat
differences between the two sites that could have confounded these results. The
observability of the juveniles may have been different between sites, or there may have
been subtle habitat differences between the sites that would alter lizard distributions.
However that may be, I believe these census results to be valid. The quantitative habitat
comparisons presented indicate high structural similarity, and the combination of plot
size and time spent searching for animals leads me to believe that if juveniles were there I
would have found them.
I have presented arguments that intraguild predation (Campbell and Gerber, 1996;
Gerber, 2000; Gerber and Echternacht, 2000), juvenile — juvenile competition (Gerber,
2000), and exploitation competition for food (Campbell, 2000) are not likely to be strong
influences in the interaction between these two species in structurally complex habitats.
If these mechanisms of interference are not of significant impact in this system,
mechanisms of this reduction in juvenile density may operate at the level of reproductive
females or in the quality or survivorship of the eggs themselves. Further investigation of
these possibilities is warranted in light of the results of this observational study. In order
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to investigate the possibility that adult female A. carolinensis suffer a reduction in egg
production in the presence of A. sagrei, I initiated an outdoor enclosure study in 1996,
which is the subject of Part HI of this dissertation.
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Table II-6. Summary of semi-annual population censuses within six 10 m X 10 m
plots of Anolis carolinensis and A. sagrei at two sites in Florida: Jumper Creek Wildlife
Management Area, Sumter Co., Florida and Highlands Hammock State Park, Highlands
Co., Florida
 
Sampling # Adult # Adult # Juveniles Juveniles
 
 




1996 Fall 5 6 3
1997 Spring 12 10
Fall 7 4 7 0.7
1998 Spring 15 12
Fall 6 6 5 0.4
Highlands Hammock
Anolis sagrei
1996 Fall 5 10 27
1997 Spring 14 13
Fall 10 3 12 0.9
1998 Spring 18 21
Fall 15 2 33 1.6
Jumper Creek I
Anolis carolinensis
1996 Fall 5 2 13
1997 Spring 8 13
Fall 2 3 13 1.0
1998 Spring 8 16
Fall 15 7 23 1.4
1 These values represent the ratio of juveniles recorded / the number of adult females




















































































































































































































































































































































































































































































































































































































































































































































































































































Table II-8. Nearest neighbor estimations of Anolis carolinensis and Anolis sagrei
derived from Fall 1996 and Fall 1997 census data at the Jumper Creek Wildlife
Management Area, Sumter Co., Florida and Highlands Hammock State Park, Highlands




Jumper Creek WMA 11 Mean distance (cm)
A. carolinensis
Nearest Anole 17 364.7 i 180.7
Nearest Conspecific 17 364.7 i180.7
Highlands Hammock
A. carolinensis
Nearest Anole 14 185.1 i128.4
Nearest Conspecific 13 402.0 i262.9
A. sagrei
Nearest Anole 42 209.8 i111.7




Nearest Anole 18 483.3 $206.8
Nearest Conspecific 18 483.3 i206.8
Highlands Hammock
A. carolinensis
Nearest Anole 18 262.9 i154.8
Nearest Conspecific 18 360.3 i166.4
A. sagrei
Nearest Anole 23 217.9 i139.8
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Figure II—l. Mean monthly temperatures in ° C for the period of October 1995 — July
1998. The data were obtained from the National Oceanographic and Atmospheric
Administration National Climatic Data Center. Black circles represent Sumter County,
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Figure II-2. Monthly maximum and minimum temperatures in ° C, and number of days
S 0° C for Sumter and Highlands Counties, Florida. A = Sumter County; B = Highlands
County. For both graphs: black circles represent monthly maximum temperatures, white
circles represent monthly minimum temperatures, and black histogram bars represent the
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Figure II-3. Monthly mean temperatures in ° C and deviation from the 30-year mean
for Sumter and Highlands Counties, Florida. A = Sumter County; B = Highlands County.
For both graphs: black circles represent mean temperatures and black histogram bars
































































































Figure II-4. Monthly precipitation totals in cm and deviation from the 30 year mean
for Sumter and Highlands Counties, Florida. A = Sumter County; B = Highlands County.
For both graphs: black circles represent monthly precipitation totals and black histogram
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A. carolinensis JCWMA A. carolinensis HHSP A. sagrei HHSP
Figure II-5. The ratio of juveniles recorded in the fall / the number of adult females
recorded the previous spring. Data from Table II-6. Black bars represent 1997; white
bars represent 1998. JCWMA = Jumper Creek Wildlife Management Area, Sumter Co.,
Florida; HHSP: Highlands Hammock State Park, Highlands Co., Florida.
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M
An Enclosure Study of the Effects of Density on Reproduction ofAnolis carolinensis
and Anolis sagrei in Conspecific and Heterospecific Groups
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INTRODUCTION
Until the early part of the 20th century, the lizard Anolis carolinensis was the only
member of the genus Anolis native to the mainland of the United States. Eight to ten
alien species of Anolis are now established in south Florida (Bartlett and Bartlett, 1999).
Of these, Anolis sagrei has been particularly successful in its colonization and has now
spread to most areas of Florida (Campbell, 1996). The successful colonization of Florida
by A. sagrei has apparently caused a precipitous decline in populations of A. carolinensis
in areas of sympatry (King and Krakauer, 1966; Echtemacht and Harris, 1993; Campbell,
2000) such that A. carolinensis has become rare in many areas where it was formerly
abundant.
Fossil evidence indicates that A. carolinensis has been a component of the fauna
of the southeastern United States since the Pleistocene period (Holman, 1995). During
this time, it has been the only highly arboreal lizard across its range. Its putative
progenitor (A. porcatus) is a member of a complex anoline fauna on Cuba which includes
A. sagrei. Like A. carolinensis, A. porcatus is a trunk-crown ecomorph (sensu Williams,
1969) and it has been suggested that A. carolinensis has undergone ecological release in
North America, occupying a crown-trunk-ground niche (Williams, 1969; Echtemacht and
Harris, 1993) and it is possible that these two species are reestablishing historical
ecological relationships. Anolis sagrei is a trunk-ground ecomorph, which suggests that
reestablishment of sympatry with A. sagrei would likely lead to the competitive exclusion
of A. carolinensis from the lower portions of the available habitat. This would explain a
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general reduction in the abundance of A. carolinensis in the face of invasion by A. sagrei,
but in many areas of Florida it appears that A. carolinensis populations are severely
reduced, even to the point of apparent disappearance.
Interspecific aggressive interference between territorial males of the two species
has largely been discounted as a factor in the decline of A. carolinensis (Tokarz and
Beck, 1987; Brown and Echternacht, 1991). Recent research has investigated the
interaction between resource competition, intraguild predation (cf. Polis et al. 1989),
juvcnile competition and habitat complexity. These mechanisms have been shown to be
important factors in this species interaction in low complexity, high disturbance habitats.
Loss of habitat complexity due to human disturbance is commonly asserted to be a
contributing factor to the invasibility of a landscape (Ewel, 1986; Simberloff et al., 1997;
McKinney and Lockwood, 1999) and Florida is a severely disturbed landscape (Myers
and Ewel, 1990; Simberloff et al., 1997). The highly simplified habitats of Florida have
been implicated in the decline of A. carolinensis by amplifying the affects of A. sagrei
upon A. carolinensis through resource competition (Campbell, 2000), intraguild
predation and juvenile competition (Gerber, 2000).
What has been left unclear from recent research is whether these same
mechanisms are important factors in undisturbed, high complexity habitats. I have shown
in PART II that juvenile densities of A. carolinensis appear to be reduced in the presence
of A. sagrei in undisturbed habitats. This is interesting in that the studies of Campbell
(2000) and Gerber (2000) indicate that resource competition, intraguild predation, and
juvenile competition seem to have an inverse relationship with habitat complexity. The
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results of my field research (PART H) suggest an impact of A. sagrei upon A.
carolinensis juveniles in structurally complex habitats. I have suggested that the
mechanism of this reduction in juvenile densities of A. carolinensis is operating at the
level of female reproductive output, including the possibility of reduced egg production,
reduced egg quality, or both.
I initiated a two year outdoor enclosure study in the spring of 1996 in order to
study the possible effect each of these two species has on the reproduction of the other,
and what relationship density has to the interaction. The main objectives of the study
were as follows:
1. Determine whether reproductive output of either species (as measured by
the number of eggs produced by females over the course of the reproductive season) is
affected by the presence of the other species.
2. Determine whether the quality of eggs produced by females of either
species (as measured by non-polar lipid content of the eggs) is affected by the presence of
either 'species.
3. Determine whether interspecific affects (if present) are discemable from
intraspecific density affects upon the variables in objectives 1 and 2.
Given that there is a finite amount of energy that a female anole can dedicate to
reproduction, she can either lay more eggs of a minimum quality, fewer eggs of a high
quality, or an optimization of the two strategies. If the resources that are available to
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reproduction become constrained due to competition (either intraspecific or interspecific),
a reduction in the quantity of eggs, quality of eggs, or both would be expected.
MATERIALS AND METHODS
Enclosures: The enclosures for this study were erected within the confines of a series of
chain link dog kennels with gravel floors. Each enclosure was approximately 1.7 m long
by 1.8 m wide by 1.6 m tall. These dimensions allow for sufficient enclosure volume to
accommodate minimum nearest neighbor distances quantified in the field (PART II).
The enclosures were constructed of a nylon mesh material that was sewn into a
rectangular tent with four walls and a flat roof. A vertical slit with velcro stripping was
integrated into one wall of each tent to provide an easily opened and closed entrance.
Each tent was suspended within a kennel run by attaching two walls to the kennel fencing
and the roof to a pole running longitudinally above the center of the kennel run, and the
bottoms of the mesh walls were attached to rigid supports and buried underground.
To provide a uniform, moderately complex habitat within" each enclosure, the
floors of each enclosure were covered with masonry sand and a large potted plant with
hanging, leafy vegetation was suspended from the roof. A moderate amount of woody
debris was scattered around the interior to provide structural complexity. The habitat
components were arranged in such a way to provide for vertical movements within the
enclosures Ornamental landscaping bricks that have holes in them were placed in the
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sand of each enclosure to provide for attractive oviposition microhabitats; anoles are
known to use these bricks in the field (A.C. Echternacht, pers. com.).
Experimental desigp: The study consisted of five treatments in a balanced design
intended to measure both allopatric density effects (intraspecific competition) and
sympatric density effects (interspecific competition) (Table III-2). Kennel spacing
constraints allowed the construction of 23 enclosures, which allowed 5 enclosures each
for treatments 2 - 4, and 4 enclosures each for treatments 1 and 5.
In order to minimize any biases due to physical position, microclimatic
differences, or differences in the dimensions of individual enclosures, assignment of
treatments to particular enclosures was randomized. In all cases, for treatments 2 and 4,
an attempt was made to match animals of the same sex according to SVL and weight.
Animal collection: Animals for this study were collected from three sites in central
Florida: a large suburban shopping mall in Gainesville (Alachua Co.), an abandoned
restaurant on US Highway 441 (Alachua Co.) approximately 11 km south of Gainesville,
and Sportsman's Cove Campground in Macintosh (Marion Co.) approximately 22 km
south of Gainesville. For both 1996 and 1997, all animals were collected immediately
prior to the start of the experiment, transported to Knoxville and assigned to treatment
and cage. Prior to treatment assignment, all animals were measured for SVL, tail length,
and weight (Table III-2). In treatments 2 and 4 the lizards were toe-clipped for
identification purposes. All animals were weighed at the end of each enclosure study.
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Animal maintenance: During the course of the study, the enclosures were abundantly
supplemented with a combination of large (1.25 cm) and small (0.66 cm) crickets twice
weekly. The nature of the enclosure interiors allowed for the crickets to find refugia,
therefore maintaining a supply of food for the foraging lizards. There were invariably a
number of live crickets in the enclosures at the onset of each supplementation, indicating
that the lizards were not consuming all of the crickets that were being supplied. In
addition to the supplemental crickets, the mesh walls of the enclosures allowed for a
variety of insect prey to enter the enclosures and provide an additional food source. In
particular, several species of ants were commonly observed inside the enclosures utilizing
the sand substrate for colony sites. Ants have been shown to be significant components
of the diets of both species in Florida (Campbell, 2000). In an attempt to ensure an
adequate supply of water for the lizards, the enclosures were sprayed with a garden hose
if there had been no rain for 2 consecutive days.
Environmental data: A maximum/minimum thermometer was placed in the center of the
enclosure compound in a partially shaded location. A maximum/minimum thermometer
was also placed into one of the experimental enclosures. Daily maximum and minimum
temperatures for the enclosure compound and enclosure interior were recorded-
throughout the duration of the study. A rain gauge was maintained in an open area
adjacent to the enclosures and checked daily for precipitation. Environmental data from
the enclosure compound and enclosure interiors were compared to climate data for
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Bushnell, Florida (Chapter 2) to assess climatic similarities and differences between the
enclosure environment and the region of Florida in which the subject animals were
collected.
Egg collection and processing: Data collection began in each year on the 7th of June. The
enclosures were inspected for eggs as weather and time permitted. Care was taken not to
allow any enclosure to go for more than three days without checking for eggs, and in very
few instances did enclosures go for more than two days between inspection. As eggs
were collected they were placed in individual glass vials and marked as to which
enclosures they had come from. After eggs were collected, they were cleaned with a soft
bristled toothbrush, weighed and measured for length and width. The eggs were then
stored in an ultracold freezer (-80° C) until they could be analyzed for nonpolar lipid
content.
Egg identification: Prior to lipid analysis, it was necessary to identify the eggs gathered
from the treatment 3 enclosures as to their species. Visual inspection of the shells of both
the freshly laid eggs and previously frozen eggs of these species revealed them to be
distinguishable on the basis of their respective shell surface morphologies (Appendix II).
Lipid analysis of the eggs: After the eggs of treatment 3 were identified, their dry mass
was recorded (freeze-dried to a constant mass) and the nonpolar lipids were extracted
from the eggs using a petroleum ether wash. After the nonpolar lipids were extracted, a
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final dry mass was measured and compared to the initial dry mass to determine the dry
mass of the nonpolar lipids of each egg.
RESULTS
Climate comparisons:
As expected, temperature and precipitation regimes were different between the
Tennessee study site and the area of Florida from which the animals were collected. Both
sites exhibited wide variability in rainfall (Figure III-1). In 1996, precipitation totals
were higher in Tennessee than in Florida (Figure IH-l A), whereas the opposite occurred
in 1997 (Figure III-1 B). The Tennessee precipitation data from 1996 and 1997 show that
1997 was overall a much drier year than 1996 (Figure IH-l C).
Monthly averages of daily mean, daily mean high, and daily mean low
temperatures were higher in Florida than in Tennessee (Figures III-2; III-3), indicating a
warmer overall summer climate. The values for monthly mean and monthly mean high
temperatures for the enclosure interiors in Tennessee are elevated in comparison to the
enclosure compound values (Figures III-2 A,B; III-3 A,B), and are slightly higher than
the Florida temperature means in these two categories. Mean low temperature values did
not differ between the enclosure compound and enclosure interiors, which are both
consistently lower than the Florida values (Figure HI-2 C; IH-3 C). It is almost certainly
the case that the differences between the enclosure interior and the enclosure compound
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climate are due to the nylon material of the enclosure providing a mild greenhouse effect
during daylight hours. This sunlight - driven effect would disappear after sunset, leading
to the close similarity in mean low temperatures (Figures III-2 C; III-3 C). A notable
difference in climatic data between Tennessee and Florida is the transition between
August and September. Mean temperatures in all categories dropped in Tennessee during
this transition while those in Florida did not. The enclosure interiors appeared to be
partially buffered from this drop with respect to mean and mean high temperature values
but not with respect to mean low temperatures, which showed a marked decline in
September. In Tennessee, mean monthly temperatures inside and outside of the
enclosures were not different between 1996 and 1997 (Figure III-4)
Reproductive measures: Egg dry mass data show a remarkable consistency within each
species across treatment and year (Figure III-5; Table HI-3) with A. carolinensis eggs
being uniformly larger than those of A. sagrei . There are no differences attributable to
intraspecific density effects nor to any interspecific interaction that may have occurred.
Within species, egg lipid dry mass (Figure III-6; Table [II-3) did not differ across
treatment and year, Nor did the percentage'of egg that is composed of non-polar lipid
(Figure III-7; Table 111-3).
Mean egg dry mass showed a consistent trend for both species in all treatments
towards larger eggs in the second half of the reproductive season in 1996 (Table HI-4).
This pattern is less pronounced in 1997, where two treatments show a reduction in mean
egg dry mass in the second half of the reproductive season (Table 111-4). The data for egg
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lipid dry mass show similar patterns for the two years of the study: 1996 shows an
increase in lipid mass across all treatments whereas 1997 shows a mixed pattern (Table
HI-5). An analysis of the mean lipid proportion data shows a consistent pattern only in
1997 when all treatments showed a reduction in lipid proportion from the first half of the
reproductive season to the second half (Table 111-6).
There are clear differences in the productivity of both species when comparing
1996 to 1997 (Table III-7). Reproduction was significantly depressed in all but one
treatment in 1997 (Table III-7; Table III-8). Intraspecific comparisons of egg production
show a density effect for both species in 1996 but not 1997 (Figures III-8; III-9; IH-10).
Interspecific comparisons show that egg production of A. carolinensis was reduced in the
presence of A. sagrei in 1996 (Figure IH-8). This comparison in 1997 is less pronounced
due to a reduction in A. sagrei egg production in the interspecific treatment from 1996
(Table III-7). In both years there were females that did not reproduce, prompting re-
analyses based upon the exclusion of females that did not reproduce (Table III-8;Figures
III-8; III-9). In only one statistical comparison was a significant result altered upon re-
analysis (Figure III-9).
Mean weight change for each sex in each treatment shows that most animals lost
weight over the course of the reproductive season (Figure HI-l 1).
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DISCUSSION
It is clear from the data that these two species respond to variation in both biotic
and abiotic environments by altering the number of eggs produced and not the quality of
eggs produced. There were no detectable trends in any of the egg quality parameters of
size or lipid content, nor are there any trends in body mass changes. The only measure of
reproduction that exhibits any discemable pattern of variation was the number of eggs
produced per female. There were trends in egg production when comparing 1996 to
1997, which is likely to represent an environmental effect. There are also trends in egg
production when comparing treatments intraspecifically and interspecifically. I will
consider these separately below.
Environmental Factors: The two years of the study had markedly different precipitation
profiles. The 1997 year of the study had a combined total of 24.1 cm of precipitation for
June, July, and August whereas the total for 1996was 84.7 cm. Previous research has
shown that reproduction in tropical lizards in general, and Anolis in particular, is greatest
during the rainy season and reduced in the dry season (Licht and Gorman, 1970; Sexton
et al., 1971; Andrews and Rand, 1974, but see Vitt 1986). Moisture and humidity have
been previously shown to have strong effects upon the reproduction of anoles in general
and both of these species in particular (Gordon, 1956; Sexton et al., 1971; Brown and
Sexton, 1973; Licht, 1973; Stamps, 1976; Summers, 1988; Michaud, 1990). The data
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from this study show an almost uniform reduction in reproduction across all treatments in
1997 (a dry year) when compared to 1996 (a wet year).
An attempt was made during this experiment to control for variation in moisture
by spraying the enclosures with water during periods of no rainfall. It is my belief that
this attempt failed. Given that there was such a strong, uniform effect upon reproduction
in 1997 as compared to 1996 it seems probable that the cause was environmental in
nature. Temperature profiles were not noticeably different between the two years, and
the physical environment did not change. The only environmental variable showing
variation between the two years of the study was rainfall. It is possible that simply
spraying the enclosures briefly did not provide an adequate supplementation of water
since the immediate surroundings were still quite dry. These efforts at supplementing the
natural rainfall with artificial “rainfall” may have led to only a transitory elevation of soil
moisture and relative humidity within the enclosures. Consideration of these
circumstances, in addition to evidence that members of this genus have the ability to
facultatively alter their reproductive output in response to changes in moisture regime
(references above) leads me to hypothesize that lower rainfall in 1997 was the primary
reason for depressed reproduction in the two species. Unfortunately, this can only be
verified by repeating the experiment with different controls.
Intraspecific comparisons: As in the comparison of reproduction in the two species
between years, comparison of intraspecific density manipulations show no apparent
affects upon any of the measures of egg quality. There were, however, measurable
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intraspecific effects upon reproductive output for each species in 1996, and for A. sagrei
in 1997. This is not surprising in that intraspecific density effects are a common
observation in studies of Anolis (Guyer, 1988 and references therein; Stamps, 1990 and
references therein; Stamps et al., 1997 and references therein), and the concept of density
dependence has been an integral component of ecology for almost 70 years (Nicholson,
1933 cited in Sinclair, 1988; Lack, 1954; Christian, 1961). It appears from the results of
this study that increasing conspecific density decreases reproduction in captive
populations of these two species.
Interspecific Comparisons: In both the 1996 and 1997 portions of this study, when the
two species were housed together, the reproductive output of A. carolinensis was
significantly less than that of A. sagrei (treatment 3, Figures III-8; III-9; III-10).
However, the data indicate no significant difference in reproductive output for A.
carolinensis when comparing equivalent allopatric and sympatric densities (comparing
treatments 2 and 3, Figures III-8; III-9). This suggests that for A. carolinensis
reproduction there is no difference between increases in intraspecific or interspecific
densities: both situations lead to similar decreases in egg production. The same is not
true for A. sagrei: an increase in intraspecific density leads to a decrease in egg
production while an increase in interspecific density does not. Therefore a comparison of
A. sagrei held sympatrically with A. carolinensis and A. sagrei held as a single allopatric
pair shows the same reproductive output rate for each treatment. This relationship holds
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true for both years of the study, and strongly indicates that the presence of A. carolinensis
has no impact upon the reproduction of A. sagrei.
It must be pointed out that the 1997 data are inconsistent in many respects, and
may be unreliable for drawing conclusions in this study. With the exception of the A.
carolinensis housed sympatrically with A. sagrei (Table 111-2, treatment 3), all treatments
showed reductions in reproductive output in 1997 as compared to 1996; in many of these
cases, the reductions were significant. Additionally, there were more females who did
not produce any eggs in 1997 than 1996.
The only measurable environmental difference noted in the study was that rainfall
totals for the two years were very different (see discussion above). It is certainly
plausible that the dry conditions of 1997 inhibited reproduction, even with the water
supplementation protocol in place. Even if anoles respond to proximate moisture cues to
oviposit eggs that are ready to be laid (Michaud, 1990), prolonged periods of little or no
rain may have inhibited the reproductive cycles of the two species in 1997. Whether it
was precipitation or some other abiotic factor, A. carolinensis appeared to have been
more severely impacted than A. sagrei. While this is interesting in and of itself, it
represents a confounding factor in the current investigation.
No matter what form of interspecific interaction takes place between these two
species, it is clear from the reproduction data that A. sagrei produce eggs at a higher rate
than A. carolinensis in all comparisons. They also appear to have a longer reproductive
season, although the fact that the study was conducted in Tennessee needs to be taken
into account. This information correlates well with Campbell’s (2000) study of
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comparative population growth which showed A. sagrei to have much higher population
growth rates than A. carolinensis.
Possible mechanisms of competition: It is clear that there are competitive impacts upon
reproduction, at least intraspecifically (both species) and possibly interspecifically (A.
sagrei upon A. carolinensis). While this study was not designed to elicit the mechanisms
by which reproduction may be curtailed, some information available can help to
formulate testable hypotheses.
Competition for food is a logical hypothesis, and has been debated in the context
of island versus mainland anoles (Sexton et al., 1971, 1972; Andrews, 1976; Guyer,
198 8). However, a basic premise of this experiment was that the anoles had ad libitum
access to a food source. Every instance of entering an enclosure and searching for eggs
revealed numerous live crickets. Additionally, seeing anoles eating ants was a frequent
occurrence inside the enclosures. The enclosures for this study were designed to provide
a moderate to high amount of structural complexity. This structural complexity allowed
for refuges for the crickets, which in turn forced the anoles to actively forage for food. It
is possible that there may have been exploitative competition for food inside the
enclosures even with an attempt at ad libitum food supplementation. The data illustrating
weight change over the period of the study are equivocal, but generally show weight loss
throughout the reproductive season, with A. sagrei showing a more consistent pattern of
weight loss than A. carolinensis. Guyer (1988) showed that food supplementation
resulted in weight gain for male Anolis humilis (=Norops humilis, sensu Guyer and
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Savage, 1986). Rose (1982) showed that food supplementation in Anolis acutus led to an
increase in body mass but not in reproductive output in females. Without the
supplementation, the lizards lost body mass over the course of the reproductive season.
In a study of food supplementation in Anolis cristatellus, Licht (1974) showed much the
same pattern: without supplementation, animals were losing weight, while supplemented
animals gained weight. It is possible that the animals in my study were reflecting the
natural pattern of weight loss during the reproductive season, leading to a hypothesis that
the animals in my study were indeed energetically limited in some fashion, possibly due
to exploitative competition for food.
Competition for suitable oviposition sites is another possible mechanism, yet
there is evidence of communal oviposition in Anolis (Rand, 1967) and my observations
were that two common oviposition sites within a given enclosure accounted for greater
than 75% of all eggs collected. This evidence suggests that competition for egg laying
microhabitats is not generally a factor in the competitive interaction between these two
species.
Another possible mechanism by which reproduction may be curtailed
intraspecifically and/or interspecifically is through physiological stress. In all vertebrates
that have been studied to date, individual organisms respond to stress by activation of the
hypothalamic — pituitary — adrenocortical (HPA) axis, which ultimately results in the
release into the bloodstream of corticosteroids. This response has been well studied
(reviews in: Greenberg and Wingfield, 1987; Guillette et al., 1995; Wingfield et al.,
1997) in all of the major vertebrate classes, and is seen as being adaptive in the short term
74
as a physiological method for maintaining homeostasis in the face of various
environmental stressors (Selye, 1956). Chronic elevation of corticosteroids, however,
results in adverse affects upon many aspects of organismal homeostasis (Johnson et al.,
1992; Guillette et al., 1995) including negative impacts upon reproduction due to
inhibition of sex steroid production and reproductive behavior (for a review see
Greenberg and Wingfield, 1987).
There is substantial evidence from studies of small mammals showing
relationships between increases in experimental densities and increases in HPA activity,
which result in elevated plasma corticosteroid levels (reviewed in Lee and McDonald,
1985). When the stressful situation is chronic, severe decreases in reproductive function
and survival result. Laboratory evidence of suppressed reproductive function due to
chronic HPA activation has also been collected for birds, fish, amphibians, and reptiles
(Greenberg and Wingfield, 1987).
That chronic stress will inhibit reproductive functions, even to the point of
complete suppression of reproduction, is no longer a debated point. Categorization of
what amounts to a stressor in wild populations has been harder to define. In lizards
several forms of stress have been identified that will elicit elevated levels of
corticosteroids, including breeding activity in territorial males (Manzo et al., 1994;
Wilson and Wingfield, 1994; Abell, 1998), social crowding (Oppliger et al., 1998),
drought (Moore et al., 1998), and territorial aggression (Greenberg et al., 1984). In
males, chronic stress and/or corticosteroid implantation has been shown to result in
suppressed testosterone levels, smaller home range and activity profiles (Denardo and
75
Sinervo, 1994) and reduced aggressive behaviors (Tokarz, 1987; Denardo and Licht,
1993). There is very little published in this area for female lizards. Stress induced rises
in epinephrine have been shown to inhibit uterine contractions in female A. carolinensis,
which has been hypothesized to be a mechanism for egg retention during unfavorable
conditions (Jones et al., 1983 a,b). Social crowding stress associated with being in the
presence of increased male territorial aggression (Crews,1980) has also been shown to
inhibit reproductive activity in female A. carolinensis in the laboratory. That chronic
stress has been shown to have deleterious affects upon reproduction in such a wide array
of vertebrate taxa suggests a possible mechanism to explain the intraspecific and
interspecific impacts upon egg production seen in this study. If the animals in this study
were indeed food limited, invocation of stress hypotheses is unnecessary. If food was not
limiting, however, stress mechanisms become more plausible and are very easily: testable.
Life history applications: There are patterns in the data from this study that have some
bearing upon discussions of life history variation in lizards (Ballinger, 1983).
Reproductive life history variation in reptiles, and lizards in particular, has centered upon
the energetic tradeoffs between egg size, clutCh size, and clutch frequency (Cody, 1965;
Williams, 1966; Smith and Fretwell, 1974; Brockelman, 1975; Steams, 1976; Ballinger,
1983; Congdon and Gibbons, 1987; Dunham et al., 1988; Sinervo and Licht, 1991;
Svensson and Sinervo, 2000). Most of the data gathered on this topic come from studies
of taxa that can vary any of these three variables in response to environmental
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fluctuations. Little empirical evidence has been compiled for taxa that are constrained in
any of these variables (Michaud, 1990; Selcer, 1990; Sinervo and Licht, 1991).
Species in the genus Anolis are phylogenetically constrained to produce clutches
of a single egg (Hamlett, 1952; Gordon, 1956; Licht and Gorman, 1970) and are thus
only potentially able to alter egg size or clutch frequency in response to fluctuating
environmental parameters such as energy availability or climatic differences. A
comparison of the egg quality and egg quantity variables between 1996 and 1997 in this
study shows that individuals of neither species altered the mean size or lipid content of
their eggs in the face of what were arguably very different climatic regimes (primarily
moisture). However, the number of eggs that were produced differed significantly
between years in most treatments. A comparison of treatments within each year shows
that any differences in reproduction that may be attributable to intraspecific or
interspecific competition are exhibited as reductions in egg production and not in egg size
or quality. These result suggest that egg size may be optimized in these populations
(Michaud, 1990; Michaud and Echternacht, 1991).
Another aspect of the data from this study that bears upon discussions of life
history variation is the trend in both species towards larger eggs as the season progresses.
These trends are significant or nearly so in 1996 but weak in 1997 (Table III-4). There is
eVidence that some lizard species show shifts in egg size between early and late season
clutches, with a common pattern of smaller clutches composed of larger eggs in late
season reproductive bouts (Nussbaum, 1981 and references therein). Unfortunately there
have been few studies of this type on taxa with invariant clutch size such as Anolis or
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some gekko subfamilies (Selcer, 1990). Michaud (1990) showed that large eggs of A.
carolinensis hatched faster than small eggs, and that large hatchlings grow at a faster rate
than small hatchlings. These observations, in addition to the fact that northern
populations of A. carolinensis in Tennessee have larger females with larger eggs than
southern populations in Florida, led to the hypothesis that larger egg sizes in northern
populations were adaptive for insuring that juveniles would be able to survive the
temperate winter season (Michaud, 1990; Michaud and Echternacht, 1991). My data
suggest that there may also be selection for larger juveniles as the reproductive season
progresses in Florida populations of A. carolinensis as well as A. sagrei, which is a
tropical lizard. The selective pressures for this size shift are likely different from those
investigated by Michaud (1990) and Michaud and Echtemacht (1991) in that the winter
climate in Florida is not as severe as that in east Tennessee. It may be that there is a
density dependent selective pressure for larger hatchlings in late season clutches that
would insure adequate competitive ability in late season juveniles (Svensson and Sinervo,
2000). It is unlikely that bet—hedging hypotheses (Nussbaum, 1981) would have any
utility in explaining a pattern of this sort in Anolis because bet hedging models require
the ability to alter clutch size, which is not an option in Anolis.
In summary, I have presented data on the reproduction of A. carolinensis and A.
sagrei maintained in sympatry and in different allopatric densities in outdoor enclosures.
Viewing the results in light of the climatic differences between 1996 and 1997 show that
both species respond to climatic variation as well as competition (both intraspecific and
interspecific) by altering the number of eggs produced over the course of the reproductive
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season and not by altering any detectable measure of egg size or quality. I have
suggested that this supports the hypothesis that egg size is optimized in these species in
Florida. I have also shown a trend towards larger eggs in the second half of the
reproductive season, raising the possibility that late season juveniles are under density
dependent selective pressure.
Intraspecific comparisons within each species indicate that there is a density
affect upon reproduction for each species, although the data are not significant.
Interspecific comparison indicates that reproduction in A. carolinensis is curtailed to the
same extent interspecifically as it is intraspecifically, while A. sagrei does not show this
relationship. This suggests that invasion of A. carolinensis territory by A. sagrei can
disrupt A. carolinensis reproduction through simple increases in lizard density. These
analyses were confounded by climatic variation between the two years of the study. The
lack of rainfall in the second year of the study depressed reproductive output in both
species, yet appeared to impact A. carolinensis to a greater extent than A. sagrei.
Two hypotheses are presented to explain the intraspecific and interspecific
patterns of egg production. Exploitative competition for food may be the mechanism
behind the empirical patterns found in the study if the attempt at ad libitum food
provision failed and the study animals were energetically limited. A second hypothesis is
presented given the possibility that food was not a limiting factor. There are well studied
physiological mechanisms by which reproduction is suppressed in vertebrates in the face
of chronic stress. If some component of the interaction between conspecifics or between
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heterospecifics served as a chronic stressor, this would be a tenable hypothesis. Both
hypotheses presented are easily testable.
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Table III-1. Description of treatments for the enclosure study.
 
No. of pairs of No. of pairs No. of
































Table III-2. Sex, mean snout vent length (SVL; mm) and mean mass (g) for the lizards
used in each treatment of the enclosure study in 1996 and 1997 (mean $ one standard





mm Sex 11 SVL Mags
1996
1 Female 4 44.25 $ 2.98 (41-48) 2.32 $ 0.51 (1.74-2.87)
Male 4 55.25 $ 3.09 (51-58) 4.01 $ 1.28 (2.47-5.23)
2 Female 10 45.50 $ 3.16 (41-50) 2.18 $ 0.30 (1.62-2.64)
Male 10 53.00 $ 2.13 (50-57) 3.12 $ 0.57 (212-397)
3 A. carolinensis
Female 5 44.25 $ 1.50 (43-46) 1.87 $ 0.28 (1.55-2.20)
Male 5 56.00 $ 3.74 (50-59) 3.45 $ 0.59 (2.86-4.23)
A. sagrei
Female 5 43.75 $ 3.30 (40-48) 2.37 $ 0.23 (2.12-2.73)
Male 5 54.80 $ 2.16 (53—58) 5.34 $ 0.48 (4.82-6.02)
4 Female 10 44.00 $ 2.61 (40-48) 2.29 $ 0.40 (1.63-2.98)
Male 10 55.00 $ 4.11 (50-60) 5.35 $ 1.05 (3.60-7.00)
5 Female 4 44.50 $ 2.64 (42-48) 2.79 $ 0.86 (2.04-3.80)
Male 4 55.00 $ 4.54 (50-61) 5.61 $ 1.40 (4.32-7.45)
1997
1 Female 4 47.75 $ 4.27 (45-54) 2.74 $ 0.52 (2.30-3.47)
Male 4 52.75 $ 2.06 (50-55) 3.18 $ 0.58 (2.54-3.75)
2 Female 10 47.40 $ 2.01 (45-51) 2.37 $ 0.54 (1.20-2.98)
Male 10 55.30 $ 2.36 (50-58) 3.68 $ 0.42 (3.10-4.34).
3 A. carolinensis
Female 5 49.40 $ 4.77 (44-56) 2.43 $ 0.55 (1.71-3.15)
Male 5 55.20 $ 3.63 (51-61) 3.50 $ 0.70 (2.52-4.48)
A. sagrei
Female 5 43.00 $ 2.54 (40-47) 2.32 $ 0.38 (1.87-2.89)
Male 5 58.00 $ 2.55 (56-62) 5.77 $ 0.53 (5.06-6.33)
4 Female 10 44.60 $ 2.01 (41-48) 2.51 $ 0.29 (2.06-2.85)
Male 10 58.00 $ 1.49 (55-60) 5.99 $ 0.69 (4.68-6.97)
5 Female 4 45.25 $ 3.77 (41-50) 2.54 $ 0.77 (1.73-3.55)
Male 4 56.25 $ 3.30 (54-61) 4.65 $ 0.74 (3.73-5.35)
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Table III-3. Mean total egg dry mass (g), mean egg lipid dry mass (g), and the mean
proportion of egg that is lipid (%) for each treatment for 1996 and 1997 (mean $ one
standard deviation). Treatments as in Table HI-l.
 
Treatment 11 1996 n 1997 p-valpgl
W
1 4 0.0793$0.0045 3 0.0809$0.0078 0.7472
2 5 00850100063 5 0.0830$0.0070 0.647
3 A. carolinensis 4 0.0757$0.0142 3 0.0850$0.0091 0.3700
A. sagrei 5 0.0543$0.0028 5 0.0558$0.0053 0.5905
4 5 0.0545$0.0028 5 0.0550$0.0027 0.7691
5 4 0.0555$0.003l 4 0.0536$0.0033 0.4439
Lipid Dry Mags
1 4 0.0192$0.0008 3 0.0192$0.0016 0.9865
2 5 0.0189$0.0025 5 0.0195$0.0013 0.6777
3 A. carolinensis 4 0.0182$0.0028 3 0.0195$0.0013 0.4916
A. sagrei 5 0.0134$0.0010 5 0.0126$0.0013 0.3303
4 5 0.0124$0.0007 5 0.0125$0.0004 0.6473
5 4 0.0123$0.0010 4 0.0122$0.0007 0.9139
1
1 4 24.71$1.47 3 23.87$0.46 0.3924
2 5 22.43$1.96 5 23.74$2.32 0.3683
3 A. carolinensis 4 24.30$1.80 3 23.47$1.64 0.5607
A. sagrei 5 24.92$1.38 5 22.71$1.71 0.0544
4 5 22.80$l.12 5 22911069 0.8609
5 4 22.04$0.93 4 22.79$0.87 0.2847
 
lSignificance values (p) are given for comparison of the mean values from each treatment enclosure
between 1996 and 1997 (t-test; or = 0.05).
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Table III-4. A comparison of mean egg dry mass (g) in the first and second halves of
the reproductive period common to both species (see Table III-8). Period 1 = days 0—43;




Treatment Period 1 n1 Period 2 n2 plaluel
1996
1 0.0754 13 0.0832 17 0.0064
2 0.0769 20 0.0887 25 0.0016
3 A. carolinensis 0.0765 5 0.0782 8 0.8522
3 A. sagrei 0.0506 17 0.0547 36 0.0071
4 0.0535 32 0.0558 46 0.1297
5 0.0511 18 0.0578 25 0.0012
1997
1 0.0806 3 0.0793 5 0.8210
2 0.0721 7 0.0837 12 0.0137
3 A. carolinensis 0.0805 6 0.0878 8 0.2972
3 A. sagrei 0.0574 14 0.0570 21 0.8926
4 0.0542 24 0.0569 28 0.0756
5 0.0543 13 0.0553 15 0.7076
1Significance values (p) are given for comparison of the mean values for all eggs from each treatment
between period 1 and period 2 (t-test; or = 0.05)
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Table III-5. A comparison of mean egg lipid dry mass (g) in the first and second
halves of the reproductive period common to both species (see Table III-8). Period 1 =




Treatment Period 1 n1 Period 2 n2 p value1
1996
1 0.0191 13 0.0197 17 0.2509
2 0.0182 20 0.0188 25 0.5519
3 A. carolinensis 0.0174 5 0.0202 8 0.3097
3 A. sagrei 0.0123 17 0.0135 36 0.0159
4 0.0116 32 0.0130 46 0.0029
5 0.0113 18 0.0125 25 0.0333
1997
1 0.0194 3 0.0189 5 0.7635
2 0.0187 7 0.0189 12 0.8882
3 A. carolinensis 0.0194 6 0.0203 8 0.6565
3 A. sagrei 0.0135 14 0.0125 21 0.2901
4 0.0127 24 0.0125 28 0.6625
5 0.0129 13 0.0117 15 0.1556
lSignificance values (p) are given for comparison of the mean values for all eggs from each treatment
between period 1 and period 2 (t-test; or = 0.05)
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Table III-6. A comparison of mean proportion of the eggs that is lipid in the first and
second halves of the reproductive period common to both species (see Table 111-8).




Treatment Period 1 n1 Period 2 n2 p value1
1996
1 0.2545 13 0.2381 17 0.0499
2 0.2377 20 0.2046 25 0.0064
3 A. carolinensis 0.2280 5 0.2549 8 0.1611
3 A. sagrei 0.2430 17 0.2479 36 0.5019
4 0.2194 32 0.2335 46 0.0187
5 0.2200 18 0.2172 25 0.9425
1997
1 0.2405 3 0.2396 5 0.9127
2 0.2610 7 0.2255 12 0.0017
3 A. carolinensis 0.2422 6 0.2302 8 0.4099
3 A. sagrei 0.2362 14 0.2197 21 0.1273
4 0.2361 24 0.2207 28 0.0313
5 0.2385 13 0.2192 15 0.0249
lSignificance values (p) are given for comparison of the mean values for all eggs from each treatment
between period 1 and period 2 (t-test; or = 0.05)
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Table III-7. Mean number of eggs produced per female in each year of the study for
each treatment. The unadjusted data set pools all females in each treatment, regardless of
whether they reproduced. The adjusted data set excludes those females that did not
reproduce during the experiment. Treatments as in Table IH-l.
 
 
Treatment 1996 1997 . p-valreL__
Unadjusted
1 9.25 2.24 0.0071
2 5.2 2.0 0.0006
3 A. carolinensis 2.8 2.8 0.5720
3 A. sagrei 11.2 7.0 0.1076
4 8.5 5.2 0.0489
5 10.0 5.6 0.0411
Adjusted
1 9.25 3.0 0.0086
2 5.2 2.0 0.0006
3 A. carolinensis 3.5 3.5 0.4575
3 A. sagrei 11.2 7.0 0.1076
4 8.5 5.2 0.0489
5 10.0 5.6 0.0411
lSignficance values (p) are given for comparison of the mean values from each treatment in 1996 an 1997
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APPENDIX III — B
Methodology For Discriminating Between The Eggs Of Anolis
carolinensis And Anolis sagrei
107
During the course of this study it became necessary to find a non-destructive
method for discriminating between the eggs of the two species. Preliminary evidence
(Pers. obs.; A. Echternacht, pers. comm.) had indicated that A. carolinensis eggs are larger
(length, width) than those of A. sagrei. My data indicate that although A. carolinensis eggs
are generally larger, there is enough overlap that a simple size comparison is inadequate for
accurate species identification (Fig. 1).
Visual inspection of the shells of freshly laid intact eggs of the two species (103 A.
carolinensis and 219 A. sagrei) reveal them to be distinguishable on the basis of their
respective shell surface morphologies (Fig. 2). The egg shell surface of A. sagrei is
characterized by shallow but distinct longitudinal fissures that uniformly cover the entire
surface of the egg. Anolis carolinensis eggs lack this feature: the egg surface is
predominantly smooth with a loose covering of flaking shell material. These differences
are apparent in freshly laid, intact eggs, as well as those which have been held for up to 7
months in an ultracold (-80°C) freezer. Three volunteers who had each been given 5
minutes to visually inspect known eggs from each species through a dissecting micros00pe
were then asked to identify 20 unknown eggs (10 of each species drawn randomly). This
test resulted in an average 90% accuracy rate (range: 85-95%) for identification of
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Figure III-B-l. Egg length plotted against egg width for Anolis carolinensis (n=103)




   
Figure III-B-2. Typical egg surface morphology of Anolis carolinensis (left) and A.
sagrei (right). Photographs and digital manipulations courtesy of Todd Campbell.
PART IV
Summary and Conclusions: A Field and Enclosure Study of Population Dynamics
and the Effects of Density on Fecundity ofAnolis carolinensis and Anolis sagrei
(Sauria: Polychrotidae) in Conspecific and Heterospecific Groups
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Currently, habitat destruction and nonindigenous invasive species are wreaking
havoc upon global biodiversity (Wilson, 1992; Vitousek et al., 1997). A great deal of
effort has been recently been put forth to address these issues along several fronts (PART
1) including attempts to predict which species will be invasive and how these species will
impact ecosystems into which they might be introduced (Williamson, 1996; Parker et al.,
1999). The success of these efforts depends upon the accumulation of knowledge
gleaned from studies of past and ongoing species invasions. Only after we know how
native species and communities are affected by invasion and begin to understand the
ecological mechanisms underlying these affects can we truly have success in the
prediction of future invasion events.
In order to facilitate this process, I investigated the interaction between Anolis
carolinensis, a lizard native to Florida, and non-native Anolis sagrei. Anolis sagrei from
the Bahamas and Cuba were introduced at multiple sites in south Florida in the 1940’s
(Lee, 1985). Since the establishment and spread of A. sagrei in Florida, A. carolinensis
has appeared to have declined in many habitats (Echtemacht and Harris, 1993). This
decline has been attributed to competitive exclusion by A. sagrei and has been recently
investigated in depth by Campbell (2000), Gerber (2000) and myself. The research of
Campbell and Gerber shows that A. sagrei appears to have strong negative impacts upon
A. carolinensis in areas of low habitat complexity such as the human disturbed landscape
which exists widely across Florida, including exploitative competition for food, predation
of juveniles by adult male A. sagrei and, possibly, interspecific competition between
juveniles. My research investigated the population dynamics of adult and juvenile A.
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carolinensis and A. sagrei in undisturbed habitat (PART H), and whether or not
reproductive biology is a component of the competitive interaction between these species
(PART HI).
To investigate the population dynamics of the two species in undisturbed habitats
I carried out a comparative field study at two sites in mature hardwood hammocks in
central Florida (PART H). At one site A. carolinensis was the only anole species present
and at the other both A. carolinensis and A. sagrei occurred. Spring and fall census
surveys were conducted over three years and showed that A. carolinensis populations
were depressed in the presence of A. sagrei., mainly as a result of decreased numbers of
juvenile A. carolinensis when in sympatry with A. sagrei. The perch heights of A.
carolinensis were also shifted in the presence of A. sagrei indicating that in undisturbed
habitats in Florida these two species will likely reestablish an ecological relationship that
they and their immediate relatives share in many parts of the Caribbean.
As a result of these findings, I suggested that the competitive mechanisms
suggested by Campbell (2000) and Gerber (2000) that operate in disturbed, low
complexity habitats are not likely to be operating at the same intensity in undisturbed,
high complexity habitats that my field sites represent. I suggested mechanisms of this
reduction in juvenile density may operate at the level of reproductive females or in the
quality or survivorship of the eggs themselves, and that further investigation of these
possibilities was warranted. Subsequently, I conducted an outdoor enclosure study
designed to investigate the possibility that adult female A. carolinensis suffer a reduction
in egg production in the presence of A. sagrei (PART III).
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PART HI details a two year outdoor enclosure study of the effect each of these
two species has on the reproduction of the other, and what relationship density has to the
interaction. The specific objectives of the study were to measure the quality and quantity
of eggs produced by the females of both species such that intraspecific and interspecific
density effects could be compared.
The data from the enclosure study clearly show intraspecific density effects upon
reproduction for both species. Increasing intraspecific density resulted in decreased
reproductive output for both species. This result was not unexpected as density effects
are ubiquitous in nature. Interspecific comparisons showed that A. sagrei females
produce eggs at a higher rate than do A. carolinensis females, and that A. carolinensis
females produce fewer eggs when lizard densities increase, regardless of whether the
density increase is intraspecific or interspecific. However, A. sagrei females showed no
negative effects from the presence of A. carolinensis at the experimental densities
employed, and reproduced at rates equivalent to a situation of no density increase at all. I
hypothesized that either exploitative competition for food or stress-induced reproductive
inhibition are the likely mechanisms by which this competitive interaction is mediated,
but further study will be needed to assess these hypotheses.
The results of the enclosure study provided some insight into reproductive life
history variation for these two species. For both species in both years of the study, the
only reproductive parameter that appeared to be variable was the number of eggs
produced by a given female. All measures of egg size and quality were functionally
invariant in the face of environmental variation, intraspecific density variation, and
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interspecific interactions. Based upon these results, I suggested that egg size may be
optimized in these species. There was also evidence that late season eggs were larger
than early season eggs for both species, which led me to hypothesize that there may be
density dependent selection for larger hatchlings late in the reproductive season.
In conclusion, the results of my field study showed sharp reductions in juvenile A.
carolinensis in sympatry with A. sagrei. Due to results in other studies that showed
juvenile competition and predation of adult male A. sagrei upon juvenile A. carolinensis
was limited to low complexity habitats, I hypothesized that other competitive
mechanisms may be operating between these two species. Using outdoor enclosures I
investigated the hypothesis that factors of female reproductive output may be involved in
the interaction (PART HI). The results of that study showed that when kept
sympatrically, female A. carolinensis produced significantly fewer eggs than A. sagrei,
however, the reproductive levels exhibited by A. carolinensis in this situation are
indistinguishable from a situation of simple intraspecific density dependence. Female A.
sagrei showed no such response, in effect ignoring the presence of A. carolinensis for the
purposes of reproduction. This in itself is an important finding as it raises the possibility
that the mere presence of A. sagrei can inhibit the reproduction of A. carolinensis by
simulating an increase in intraspecific density.
The members of our laboratory set out to investigate the observation that A.
carolinensis populations decline when the invasion front of A. sagrei passes over them.
Glenn Gerber and Todd Campbell concentrated their research efforts on the interaction of
these two species in areas of high disturbance. These areas are widespread in Florida and
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represent the habitat types in which this decline is most noticeable. What they found was
that the observed phenomenon of A. carolinensis population declines is a reality and it is
greatly influenced by the degree in which the habitat is disturbed. The decline of A.
carolinensis in these areas appears to be a combination of mechanisms, including
asymmetrical intraguild predation, exploitation competition for food, a swamping affect
and the possibility of competition between juveniles of the two species.
I asked a different question: What is happening in areas of undisturbed habitat?
One of the basic questions in invasion biology is whether native species can take refuge
in core habitats in the face of invasion. It seemed to me that the mechanisms uncovered
by Campbell and Gerber may not have much bearing upon what is happening in areas of
Florida where there are structurally complex, undisturbed habitats. I found in the
hammock areas I studied that A. sagrei did not achieve the incredible densities observed
in the other studies, and A. carolinensis did not disappear. These basic observations led
me to believe that the exploitation competition and swamping mechanisms were not as
much of an issue in these habitats. However, juvenile densities of A. carolinensis
appeared to be reduced in my study plots. Was this intraguild predation, juvenile
competition, or some other mechanism at work? Because intraguild predation and
juvenile competition in these habitats seemed inconsistent based upon the other studies I
hypothesized that there may be reproductive impacts upon the females of A. carolinensis.
I found that increasing lizard density lowers reproductive output in A. carolinensis
regardless of the species composition of the density increase. Anolis sagrei does not
appear to suffer the same fate.
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We now have a reasonable view of how this particular species invasion is playing
out. While we must temper our conclusions with the acknowledgement that the results of
experimental enclosure studies should be cautiously applied to field situations, we know
many of the issues that are important in this interaction. We have a good idea of what is
happening in the context of two broad habitat categories: high and low levels of human
impact. In high impact areas, A. carolinensis may not have access to vegetation of the
appropriate size and density in which to shift their activities in the face of enormous
population densities of A. sagrei; may be outcompeted for food, and their juveniles get
eaten. In low impact areas the aforementioned consequences do not necessarily apply,
yet the mere presence of A. sagrei has an asymmetrical negative impact upon the
reproduction of A. carolinensis. Fewer eggs are laid which means fewer juveniles hatch.
Investigations into the interactions of native and nonindigenous invasive species
such as this are needed to gain a working understanding of the mechanisms of invasion,
establishment, and spread of non native species around the world. Identification of the
basic attributes of potential invaders has been a difficult challenge (Williamson, 1996).
Ecological understanding of current invasions, how they are mediated, and what specific
effects particular invading species have upon native species is crucial to the formation of
a predictive ecology for species invasions (Kolar and Lodge, 2001).
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